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Abstract: 
Magnetic zeolite NaA with different Fe3O4 loadings was prepared by hydrothermal synthesis 
based on metakaolin and Fe3O4. The effect of added Fe3O4 on the removal of ammonium by 
zeolite NaA was investigated by varying the Fe3O4 loading, pH, adsorption temperature, 
initial concentration, adsorption time. Langmuir, Freundlich, and pseudo-second-order 
modeling were used to describe the nature and mechanism of ammonium ion exchange using 
both zeolite and magnetic zeolite. Thermodynamic parameters such as change in Gibbs free 
energy, enthalpy and entropy were calculated. The results show that all the selected factors 
affect the ammonium ion exchange by zeolite and magnetic zeolite, however, the added 
Fe3O4 apparently does not affect the ion exchange performance of zeolite to the ammonium 
ion. Freundlich model provides a better description of the adsorption process than Langmuir 
model. Moreover, kinetic analysis indicates the exchange of ammonium on the two materials 
follows a pseudo-second-order model. Thermodynamic analysis makes it clear that the 
adsorption process of ammonium is spontaneous and exothermic. Regardless of kinetic or 
thermodynamic analysis, all the results suggest that no considerable effect on the adsorption 
of the ammonium ion by zeolite is found after the addition of Fe3O4. According to the results, 
magnetic zeolite NaA can be used for the removal of ammonium due to the good adsorption 
performance and easy separation method from aqueous solution.   
 
Keywords: Magnetic zeolite NaA, ammonium, ion exchange, removal, kinetic, 
thermodynamic  
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1. Introduction 
With the rapid development of society and economic growth, more and more nitrogen-
containing wastewater is produced by industries and the utilization of fertilizers discharged 
into air, water systems, and soils including NOx, NH4+, NO3- and nitrogen-containing 
organics. The increase of nitrogen compounds would accelerate eutrophication of rivers and 
lakes and the depletion of dissolved oxygen. Commonly, the reported methods for the 
removal of ammonium ions contain air stripping, ion exchange and biological nitrification-
denitrification [1-3].  Ion exchange has attracted much attention due to the low cost and 
relative simplicity of application and operation. Zeolite has been researched for decades for 
the removal of ammonium ions because of large specific surface area, high cation exchange 
capacity (CEC) and great affinity for NH4+ [4].  
 
In previous research, the utilization of zeolite for the removal of NH4+ has proven to be a 
competitive and effective method [1, 3, 5-14]. In addition, zeolite derived from different base 
sources has been utilized for the removal of ammonium. The report of Weatherly [15] 
showed that New Zealand clinoptilolite has a high affinity for the ammonium ion and the 
order of cations affecting the ammonium uptake is Ca2+>K+>Mg2+.  Farkas [16] showed that 
the exchange of NH4+ on the Croatia natural zeolite clinoptilolite is prevented by organic 
pollutants. The study by Cooney [17] illustrated that the natural Australian zeolite selectivity 
for ammonium ions over other cations typically present in sewage is (Ca2+, K+, Mg2+). Saltali 
[18] concluded that the natural Turkish zeolite is suitable for the removal of NH4+ by ion 
exchange. Huang [19] reported that the effect of cations on removal of ammonium by natural 
Chinese (Chende) zeolite followed the order of preference Na+>K+>Ca2+>Mg2+.  All these 
results demonstrate that zeolite has a good affinity for the ammonium ion and is suitable for 
removal of ammonium ion due to its low cost and simple operation.  
 
However, there is still a problem that needs to be solved, namely, how to separate the 
adsorbed zeolite from the aqueous solution. As is well known, the application of magnetic 
materials to solve environmental problems has received considerable attention in recent years, 
because this kind of material can be separated easily from a liquid medium after adsorption 
using magnetic separation [20, 21]. Therefore, in this paper, magnetic zeolite NaA with 
different Fe3O4 loadings was synthesized through hydrothermal synthesis. Moreover, the 
effect of the added Fe3O4 on the removal of ammonium ion is also investigated by batch 
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adsorption experiments. The aim is to prepare a composite with properties of large adsorption 
capacity, low cost, and easy separability from aqueous solution. 
 
2. Experimental  
2.1 Material preparation 
Zeolite NaA was synthesized by a hydrothermal method based on metakaolin prepared by 
annealing kaolin at 750 oC for 2h. Natural kaolin was obtained from Suzhou city, Anuui 
province, China. Kaolin powder with a particle size less than 75 μm was obtained after 
crushing, drying and screening.  
Metakaolin, aluminum hydroxide (aluminum resource), sodium hydroxide, and deionized 
water were mixed as the ratio of SiO2/Al2O3 2.3, Na2O/SiO2 1.4, H2O/Na2O 50, and then 
crystallized under the conditions of crystallization time 8 h, crystallization temperature 95 oC 
in reaction kettle. After the desired time, the mixture was centrifuged, washed several times 
with the pH value near to 7, dried at 105 oC, ground then stored for further characterization 
and adsorption experiments.  
 
Magnetic zeolite NaA was obtained by adding Fe3O4 in the precursor of zeolite NaA. The 
other steps and conditions were same as the synthesis of zeolite NaA. Magnetic zeolite NaA 
with different Fe3O4 loading was prepared by changing the addition amount of Fe3O4.    
 
2.2 Material characterization 
X-ray fluorescence (XRF) 
Chemical composition was measured on a Shimadzu XRF-1800 with Rh radiation.   
 
X-ray diffraction (XRD) 
X-ray diffraction was performed using a Rigaku powder diffractometer with Cu K radiation. 
The tube voltage was 40 kV, and the current was 100 mA. The XRD diffraction patterns were 
taken in the range of 5-70° at a scan speed of 4° min-1. Phase identification (Search-Match) 
was carried out by comparison with those included in the Joint Committee of Powder 
Diffraction Standards (JCPDS) database.  
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Scanning electron microscopy (SEM) 
Scanning electron microscope (SEM) measurement was performed on Philips XL30 ESEM-
TMP.  
 
 
2.3 Adsorption experiments 
A series of adsorption experiments were carried out by batch method under different 
conditions. In this paper, the effect of Fe3O4 loading on the removal of ammonium ion using 
zeolite was first investigated. Then, the effect of pH, adsorption temperature, adsorption time, 
and initial NH4+ concentration on the removal of ammonium on magnetic zeolite NaA (Fe3O4 
3.4%) was studied and compared with zeolite NaA. Known adsorbent and NH4+ solution 
were added into conical flask, placed on isothermal vibrator with a rate of 200 rpm and kept 
for a set time. After the desired time and after centrifugation the suspension was assessed by 
using a visible spectrophotometer. The uptake of ammonium was calculated from the 
decrease of ammonium concentrations relative to the initial concentration. Each data point 
was the result of one individual experiment.  
 
3. Results and discussion 
3.1 Preparation of magnetic zeolite 
Fig. 1 shows the XRD patterns of kaolinite and annealed kaolinite (750 oC, 2h). These 
reflections at 2θ=12.4, 20.3, 24.8, 38.5°are found and identified as kaolinite when compared 
with the standard (JCPDS (89-6538)). However, a broad peak with low reflection intensity is 
found in the XRD pattern of annealed kaolin which is attributed to the formation of 
metakaolin. Metakaolin can be obtained by annealing kaolinite over 600 oC [22]. Lin [23] 
synthesized zeolite X and zeolite A based on metakaolin by annealing kaolin at 800oC for 5h.  
Alkan [24] and Chandrasekhar [25] synthesized zeolite NaA using metakaolin after annealing 
kaolinite at 600oC and 700oC for 2h. A reflection at 2θ=26° is also found and identified as 
quartz. It indicates the kaolin is mainly composed of kaolinite and little of quartz. The 
chemical compositions measured by XRF indicates that the clay consists of 66.39 wt % SiO2, 
30.84 wt % Al2O3 and little of Fe2O3, K2O, Na2O, MgO, CaO. That is to say, the kaolin 
mainly consist Al2O3 and SiO2 in chemical composition, which is consistent with the results 
of XRD.  
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Zeolite NaA is synthesized according to the parameters mentioned above and the XRD 
pattern of synthesis product indicates no other phase are present except zeolite NaA as 
displayed in Fig. 2(d). In addition, the SEM image of synthetic zeolite NaA reveals the 
presence of crystals with the same cubic morphology and almost the same diameter (about 2 
μm) as presented in Fig. 3 (a).  Fig. 3(b) displays a high magnification in the SEM image. 
 
The XRD patterns of zeolite, Fe3O4 and magnetic zeolite are given in Fig. 2. The XRD 
pattern of Fe3O4 shows only the reflections of magnetite as compared with the standard 
patterns (JCPDS (89-691)). The XRD pattern of magnetic zeolite NaA presents two kinds of 
phases for magnetic zeolite and reveals the reflections of zeolite NaA decrease in intensity 
with an increase of Fe3O4 loading as compared to the increase of magnetite reflections.  
 
Additionally, the SEM images of magnetic zeolite NaA show some small particles, which 
should be contributed to the sprayed gold because these particles only are found adhered on 
the surface of zeolite NaA which still has uniform cubic crystal despite of the addition of 
Fe3O4 as shown in Fig. 3 (c, d). This indicates Fe3O4 is loaded successfully and does not 
affect the morphology of zeolite NaA. What’s more important, Fig.4 shows the simple 
magnetic separation efficiency after 3 min. The photographs show that magnetic zeolite can 
be separated conveniently from aqueous solution. This proves that zeolite has magnetism 
after the addition of Fe3O4 before crystallization.  
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Fig. 1. XRD patterns of kaolin and annealed kaolin 
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Fig. 2. XRD patterns of magnetic zeolite NaA with different Fe3O4 loading. 
a, Fe3O4;   b, zeolite NaA+2.1% Fe3O4;   c, zeolite NaA+4% Fe3O4;   d, zeolite NaA. 
 
Fig. 3. SEM images of zeolite NaA (a, b), and magnetic zeolite NaA with Fe3O4 3.4 % (c, 
d). 
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Fig. 4. Photographs before and after magnetic separation of the magnetic zeolite NaA 
(Fe3O4 3.4%) 
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3.2 Effect of Fe3O4 loading on removal of ammonium 
The effect of Fe3O4 loading on zeolite NaA removal of ammonium is shown in Fig. 5. The 
results indicate adsorption amount of zeolite to ammonium and ammonium removal decrease 
from 10.53 to 9.53 mg/g and from 83.97 to 75.83 %, respectively, when Fe3O4 loading 
increases from 2.1 to 4.7 %. Especially, a significant decrease happens when Fe3O4 loading 
increases from 3.4 to 4.7 %. Meanwhile, the adsorption amount of Fe3O4 to ammonium and 
ammonium removal are 0.43 mg/g and 3.43 % (not shown in Fig. 5). Therefore, the 
adsorption of added Fe3O4 to ammonium can be omitted due to the low adsorption amount 
and low loading. It is proposed that the surface of zeolite NaA adorned by Fe3O4 is covered 
by some nano-particles which probably block some pores or cavities and the blockage area 
would increase with the higher amount of Fe3O4 loading. Thus, removal efficiency decreases 
with the increase of Fe3O4 loading. In conclusion, although Fe3O4 loading slightly affects the 
adsorption of ammonium ions on zeolite NaA especially when Fe3O4 loading is lower than 
3.4 %, the adsorption amount of NH4+ is still very high. 
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Fig. 5. Effect of Fe3O4 loading on removal of ammonium (Experimental conditions: 
adsorption time 2h, room temperature, pH near to neutral, NH4+ initial concentration 
66±4mg/L, water bath vibration speed 200rpm, adsorbent (zeolite/magnetic zeolite) 
0.25g). 
 
3.3 Effect of pH on removal of ammonium 
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The effect of pH on zeolite NaA removal of ammonium and the comparison between zeolite 
and magnetic zeolite are presented in Fig. 6. It is easily found that pH has the same effect on 
removal of ammonium for the two kinds of material. The removal efficiency increases first 
and then decreases with the increasing pH value, and has a maximum of 10.33 mg/g when pH 
value is 7.9 for zeolite. To the best of our knowledge, under low pH, more H+ has an 
adsorption to zeolite. Moreover, the ionic radius (0.24 nm) of H+ is lower than that of NH4+ 
(0.286 nm), which make H+ easier to enter pore canal and be adsorbed by zeolite than NH4+. 
It is suggested that competitive adsorption between NH4+ and H+ adsorbed on zeolite occurs. 
With the increase of pH value, H+ concentration decreases which results in the increase of 
ammonium adsorption amount of zeolite and magnetic zeolite.  
To the best of our knowledge, NH4+ ions exists in part as NH3·H2O when it is in alkaline 
solution. The higher aqueous solution pH, the higher the concentration of NH3·H2O. In this 
experiment, when pH is above 7.9, little NH3 is discharged from aqueous solution.  This 
phenomenon plays a role in increasing NH4+ removal. Therefore, NH4+ removal is high when 
pH reaches 7.9.  Moreover, with the increase of pH, more NH3·H2O is formed and NH3·H2O 
is impossible to adsorb by ion exchange. Thus, a low exchange amount is obtained under 
higher pH (>7.9) value. This reveals that pH significantly affects the ammonium removal but 
no considerable effect is observed after the addition of Fe3O4. Besides, zeolite can be 
dissolved at high pH [4]. Therefore, there are two reasons for the decrease of ammonium 
removal, one is the partial dissolution of zeolite and the other is the conversion of NH4+ into 
NH3·H2O. 
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Fig. 6. Effect of pH on removal of ammonium (Experimental conditions: adsorption 
time 2h, room temperature, NH4+ initial concentration 63.75 mg/L, water bath vibration 
speed 200 rpm, adsorbent (zeolit/magnetic zeolite) 0.25 g, Fe3O4 loading 3.4%). 
 
3.4 Effect of adsorption temperature on removal of ammonium 
Table 1 shows the effect of adsorption temperature on removal of ammonium by zeolite and 
magnetic zeolite. The adsorption amount of ammonium decreases with an increase of 
temperature from 16 to 70 oC. The decrease of adsorption amount is definitely ascribed to 
desorption of ammonium from the interface to aqueous solution. It also indicates that the 
adsorption process of ammonium onto zeolite NaA is exothermic reaction. In addition, no 
considerable difference is found about the ammonium exchange capacity between zeolite and 
magnetic zeolite, as presented in Table 1.  
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Table 1 Effect of adsorption temperature on removal of ammonium and the 
thermodynamic analysis parameters 
 Zeolite  Magnetic zeolite  
T/oC 16 30 40 53 70 16 30 40 53 70 
qe 
mg/g 
10.61 10.34 10 9.66 9.02 10.52 10.26 9.93 9.59 8.95 
Ce 
mg/L 
10.68 12.03 13.74 15.43 18.66 11.14 12.47 14.1 15.8 19 
Kd 
mL/g 
993 860 728 626 484 945 822 704 607 471 
ΔG° 
kJ/mol 
-16.58 -17.02 -17.15 -17.45 -17.63 -16.46 -16.91 -17.06 -17.37 -17.55 
ΔH° 
kJ/mol 
-11.04 -10.65 
ΔS° 
kJ/molK 
0.019 0.02 
Experimental conditions: adsorption time 2h, pH near to neutral, NH4+ initial concentration 
63.75 mg/L, water bath vibration speed 200 rpm, adsorbent (zeolite/magnetic zeolite) 0.25 g, 
Fe3O4 loading 3.4% 
 
3.5 Effect of initial concentration on removal of ammonium 
The effect of initial concentration on the removal of ammonium ions by zeolite and magnetic 
zeolite is shown in Table 2. The results show that the ammonium ion removal decreases with 
the increasing initial concentration in spite of the increase of adsorption, which seems to be 
almost the same for the two materials. Under the condition of same mass of adsorbent and 
different initial ammonium concentration, it is normal for the decrease of ammonium removal 
with the increase of initial concentration. It indicates the adsorption sites are saturated when 
the concentration of ammonium is higher than a specific value (is lower than 16.75mg/L in 
this paper). If the concentration increases, the ammonium removal will be inevitably 
decreased due to the limited adsorption sites. However, regardless of the initial concentration, 
no considerable difference in removal of ammonium ion is recorded between zeolite and 
magnetic zeolite. It indicates the added Fe3O4 just slightly influences the adsorption property 
of zeolite to ammonium.  
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Table 2 Effect of initial concentration on removal of ammonium  
 
Initial concentration 
mg/L 
Zeolite  Magnetic zeolite  
Ce 
mg/L 
Removal 
% 
qe 
mg/g 
Ce 
mg/L 
Removal 
% 
qe 
mg/g 
16.75 1.75 90.26 2.17 1.92 89.97 2.14 
38.25 5.50 85.62 6.33 5.75 84.97 6.32 
63.75 10.50 83.53 10.35 10.67 80.27 10.39 
120.5 30.42 76.14 19.30 31.83 70.03 18.72 
382.5 189.58 50.44 37.56 208.33 45.53 34.08 
637.5 385.42 39.54 49.49 400.00 37.25 47.10 
892.5 604.17 32.31 57.01 585.42 34.41 59.67 
Experimental conditions: adsorption time 2h, pH near to neutral, room temperature, water 
bath vibration speed 200 rpm, adsorbent (zeolite/magnetic zeolite) 0.25 g, Fe3O4 loading 
3.4% 
 
3.6 Effect of adsorption time on removal of ammonium 
Table 3 shows the effect of adsorption time on removal of ammonium ions by zeolite and 
magnetic zeolite. 81.51% of ammonium removal is completed within 12 min and a slight 
increase is observed by increasing the adsorption time from 12 to 129 min. That is to say, the 
adsorption equilibrium is reached after just a short time, which is not consistent with the 
equilibrium time of 30min [18] possibly assigned to the different zeolite. It is suggested that 
the synthesised zeolite has readily available adsorption sites which makes for fast diffusion 
and rapid equilibrium is attained. The same results are also observed when the added Fe3O4 
scarcely affects the adsorption behavior of zeolite to ammonium.  
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Table 3 Effect of adsorption time on removal of ammonium  
Adsorption time 
min 
Zeolite Magnetic zeolite 
Ce 
mg/L 
Removal 
% 
qe 
mg/g 
Ce 
mg/L 
Removal 
% 
qe 
mg/g 
12 11.65 81.51 10.16 16.83 73.29 8.99 
22 11.78 81.31 10.19 12.52 80.13 9.79 
45 10.23 83.76 10.33 10.11 83.94 10.31 
63 10.95 82.62 10.17 12.48 80.20 9.83 
92 10.19 83.83 10.49 9.86 84.35 10.45 
129 10.20 83.81 10.30 10.12 83.94 10.42 
181 11.54 83.69 10.46 9.94 84.22 10.33 
Experimental conditions: pH near to neutral, room temperature, NH4+ initial concentration 
63.75mg/L, water bath vibration speed 200 rpm, adsorbent (zeolite/magnetic zeolite) 0.25 g, 
Fe3O4 loading 3.4% 
 
3.7 Thermodynamic parameters 
In order to investigate the effect of adsorption temperature and added Fe3O4 on removal of 
ammonium on zeolite NaA, the distribution coefficient (Kd, mL/g), the enthalpy change (ΔH°, 
kJ/mol), the entropy change (ΔS°, kJ/molK), and Gibbs free energy change (ΔG°, kJ/mol) 
were calculated by the following equations [18, 26-29]: 
e
e
C
qK d , 
 
RT
H
R
SKd
 ln , 
 dKRTG ln   
ΔH° and ΔS° can be calculated from the slop and intercept of the plot of lnKd against 1/T as 
presented in Fig. 6. As given in Table 1, the Kd values decreases gradually when temperature 
increases from 16 to 70 oC for the two materials. Meanwhile, the Kd values on zeolite NaA 
are slight bigger than that on magnetic zeolite at any temperature, however the difference is 
small, which is consistent with the adsorption results as shown in section 3.3. The ΔH° values 
of -11.04 and -10.65 kJ/mol for zeolite and magnetic zeolite, respectively. The negative value 
of ΔH° indicates that the ion exchange and adsorption process is exothermic, which supports 
the previous discussion that the adsorption amount of ammonium decreases with increasing 
temperature. The ΔH° value shows that the relative strong interaction between ammonium 
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ion and the negatively charged sites on the surface on the zeolite compared with the value of -
6.284 kJ/mol presented in a previous report [18]. The same result also proves that the added 
Fe3O4 hardly influences the adsorption performance of zeolite. The positive value of ΔS° 
indicates that ammonium ions are in a much more chaotic distribution after adsorption on the 
zeolite as compared to that in the aqueous solution. Finally, the ΔG° values increases with 
rising the temperature for the two materials. The negative value confirmed the feasibility and 
spontaneous process of ammonium adsorbed by zeolite. Additionally, the lower value 20 
kJ/mol favors the suggestion that the adsorption processes are physical [30]. 
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Fig. 6. Linear plot of distribution coefficient (Kd) of ammonium on zeolite/magnetic 
zeolite as a function of temperature. 
 
3.8 Effect of added Fe3O4 on equilibrium isotherm 
To characterize the exchange equilibrium of NH4+ by zeolite and magnetic zeolite, the 
Langmuir and Freundlich models were applied. The equation of the Langmuir isotherm [31] 
is followed, 
e
e
Lee
e
Q
C
KQq
C  1 , where qe (mg/g) and Ce (mg/L) are the amount of NH4+ 
adsorbed on adsorbents and NH4+ concentration in the solution after equilibrium, respectively. 
Qe (mg/g) and KL denotes the maximum adsorption capacity and the Langmuir constant, 
respectively. 
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The equation of the Freundlich isotherm is followed, eFe Cn
Kq ln1lnln  , where KF 
represents the Freundlich constant and 1/n is a parameter related to the intensity of adsorption, 
which varies with the heterogeneity of the material [32]. Relative parameters of the two kinds 
of models can be calculated from the slope and intercept as showed in Fig. 7, Fig. 8, and the 
data reported in Table 4. The results indicate that the Freundlich model gives rise to a much 
better correlation coefficient (R2=0.993) than that (R2=0.936, 0.962) of Langmuir model. 
Besides, the values of 1/n are lower than 1 which suggests that the adsorption of ammonium 
on zeolite NaA and magnetic zeolite NaA is substantially favorable [33]. This agrees well 
with the report of Huang [19] that zeolite adsorption ammonium fits the Freundlich model. 
What’s more important, the parameters indicate that the added Fe3O4 scarcely affect the 
adsorption property of zeolite NaA based on the values of KF and 1/n. 
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Table 4 Relative parameters based on Langmuir and Freundlich model 
Material 
Langmuir parameters Freundlich parameters 
Qe/mg/g KL R2 KF 1/n R2 
Zeolite 123 0.014 0.962 5.46 0.5004 0.993 
Magnetic 
zeolite 
117.64 0.013 0.938 5.30 0.4918 0.993 
 
3.9 Kinetic model 
The pseudo-second-order kinetic equation [34, 35] as followed is used to describe the kinetic 
data of zeolite and magnetic zeolite adsorption ammonium, 
eet q
t
kqq
t  21 , where t (min) is 
adsorption time, qt and qe (mg/g) are adsorption amount at the time of t and equilibrium, 
respectively, and k is rate constant.  
 
Table 3 shows the adsorption data as a function of adsorption time for zeolite and magnetic 
zeolite and the results are also shown in Fig. 9 as a plot of t/qt against time for adsorption 
ammonium for the pseudo-second order model. The values of the correlation coefficients are 
all extremely high (R2>0.999). In addition, the qe for adsorption ammonium on zeolite and 
magnetic zeolite is 10.46 and 10.47 mg/g, respectively. This indicates that the adsorption 
amount of magnetic zeolite is almost equivalent to that for zeolite.  
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Fig. 9. Linear plot of pseudo second-order model for adsorption ammonium on 
zeolite/magnetic zeolite 
 
 
4 Conclusions 
According to the results of adsorption experiments and the analysis of kinetic and 
thermodynamic, the following conclusions are made: 
The experimental parameters such as pH, initial concentration, adsorption temperature affect 
the adsorption performance of zeolite NaA to ammonium. The adsorption amount of 
ammonium on zeolite and magnetic zeolite decreases with increasing temperature or when 
pH is higher than 7.9. The adsorption data for zeolite and magnetic zeolite fits well with the 
Freundlich model. The feasibility and spontaneous nature of ammonium ion exchange on 
zeolite is proved by the thermodynamic. What’s more important, the added Fe3O4 scarcely 
influences the NH4+ ion exchange on zeolite NaA, especially when the Fe3O4 loading is lower 
than 3.4%. As well known, magnetic particles can be separated conveniently from aqueous 
solution. Therefore, the magnetic zeolite NaA is a kind of suitable adsorbent for removal of 
ammonium from aqueous solution and can be separated from the medium after a magnetic 
process. It is suggested that this kind of magnetic zeolite material can be utilized to purify 
wastewater.  
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